OBJECTIVE Aneurysms of the middle cerebral artery (MCA) are still most often treated by clipping through standard craniotomy, but a longer hospital stay is one of the main drawbacks of this treatment. The authors developed a pterional keyhole clipping strategy for unruptured MCA aneurysms with the intention of minimizing hospital stay. In this paper, they report on their experience with this approach and analyze the long-term neurological and radiological outcomes. METHODS A total of 160 relatively small unruptured MCA aneurysms (mean 6.4 mm) were clipped through the pterional keyhole approach (19-30 mm, mean 24.6 mm) in 149 patients (aged 34-79 years, mean 62 years). Neurological and cognitive function were examined by several scales, including the modified Rankin Scale (mRS) and Mini-Mental State Examination (MMSE). Patients' level of depression was assessed using the Beck Depression Inventory and Hamilton Depression Scale. The state of clipping was assessed at 1 year and then every few years after the operation. RESULTS The mean duration of postoperative hospitalization was 2.3 ± 3.4 days; in 31.3% of the cases, the patients were discharged on the day after the operation (overnight hospital stay) and in 93.2% within 3 days. Of the patients younger than 60 years, 40.4% required only an overnight stay. Complete aneurysm neck clipping was confirmed in 157 cases (98.1%). None of the completely clipped aneurysms showed any recurrence during the mean follow-up period of 5.0 years. The mean length of clinical follow-up was 5.4 years. After 2 (1.3%) of the surgical procedures, the patients showed persistent neurological deficits, defined as mRS score 1, but the overall operative morbidity based on the International Study of Unruptured Intracranial Aneurysms (ISUIA) definition (mRS score ≥ 2 or MMSE score < 24) was 0% at the last examination. Depression scores were significantly improved after surgery, and in 85.6% of the cases the patients were satisfied with their cosmetic results. CONCLUSIONS Pterional keyhole clipping is less invasive than clipping via standard craniotomy, minimizes hospital stay, and achieves durable treatment for relatively small unruptured MCA aneurysms.
T he middle cerebral artery (MCA) is the most common site for unruptured cerebral aneurysms discovered by modern noninvasive imaging methods. 22 Advanced endovascular technique has become the main modality for treating unruptured cerebral aneurysms, but MCA bifurcation aneurysms are still more often treated by clipping through the pterional approach via standard frontotemporal craniotomy 35 because of the proven safety and effectiveness of this technique. 1, 6, 28, 36 However, patients who undergo standard craniotomy typically require a longer hospital stay than those treated with endovascular coiling, and this longer stay is one of the drawbacks of surgical clipping. 13 Clipping continues to require the development of less invasive techniques, but length of hospital stay has not been a priority. At our institution, over an 11-year period (August 2005 to July 2016), clips have been placed on 160 unruptured MCA aneurysms via a pterional keyhole mini-craniotomy in an effort to provide durable treatment that is less invasive and allows us to minimize patients' hospital stay. 21 In the present study, we retrospectively evaluated our keyhole clipping strategy for reducing postoperative hospital stay and investigated the long-term neurological and radiological outcomes as well as cognitive, psychological, and cosmetic results in patients who underwent clipping of unruptured MCA aneurysms.
Methods
This was a retrospective study based on review of data from medical records of patients treated at our institutions. The institutional ethics committees of the National Defense Medical College and Juntendo University Shizuoka Hospital approved this study, and written informed consent was obtained from all patients.
Patients and Aneurysms
A total of 280 unruptured MCA aneurysms were treated by surgical clipping in our institutions between August 2005 and July 2016. Among these 280 aneurysms, 160 aneurysms in 149 patients (109 women and 40 men, mean age 62 years, range 34-79 years) were clipped using the pterional keyhole approach via outer canthal skin incision by the senior surgeon (K.M.). The mean maximum diameter of the 160 aneurysms that were clipped via the keyhole approach was 6.4 mm (range 3-11 mm), and 52 (32.5%) had blebs. Twenty-three of the 149 patients had bilateral unruptured MCA aneurysms, and in 12 cases, the second aneurysm was also treated after keyhole clipping of the first aneurysm (approximately 2-3 months later). In 11 of these 12 cases, the second aneurysms were smaller (two of them were 3 mm in diameter) and were also treated via a pterional keyhole approach, and those 11 aneurysms are included in our analysis (for a total of 160 aneurysms treated with our keyhole clipping technique). In 1 case, the second aneurysm was slightly larger than the one treated initially and was more complicated; this patient underwent standard pterional craniotomy for clip placement of the contralateral MCA aneurysm (not included in this analysis) after keyhole clipping of the first aneurysm (included in this analysis). The remaining 11 aneurysms in patients with bilateral aneurysms were not treated.
The unruptured MCA aneurysms were detected through imaging performed for subarachnoid hemorrhage caused by other aneurysms in 2 patients; imaging performed for unrelated symptoms, such as headache, in 87 patients; health examination with MRI in 38 patients; and imaging performed for other reasons in 22 patients. All patients were totally independent in daily life (Barthel Index [BI] score 100).
Surgical Indications for the Pterional Keyhole Approach
The pterional keyhole mini-craniotomy has a diameter of about 25 mm, so unruptured MCA aneurysms less than 10 mm in diameter are the main candidates for the keyhole operation. Aneurysms with the dome projecting posteriorly are excluded from keyhole surgery for safety reasons.
Preoperative Surgical Simulation
All patients underwent CT angiography (CTA) a few weeks before surgery was performed, and these CTA studies were used for preoperative surgical simulation (also performed a few weeks before surgery) and determination of the keyhole location and optimal head position. The 3D images of the aneurysm, cerebral arteries, superficial middle cerebral veins, and skull were merged into a single 3D image using Ziostation 2.4 software (Ziosoft, Inc.). The size and location of the keyhole, extent of sphenoid ridge removal, and head positioning were scrutinized to optimize the visualization of the aneurysm with the surrounding vascular structures. Details of the surgical simulation were previously published. 20 
Surgery and Early Postoperative Imaging
After induction of general anesthesia, electrodes for transcranial motor evoked potential monitoring are placed on the scalp. The details of the pterional keyhole technique were described previously; 21 minor modifications were performed as follows. The skin incision consisted of an arcuate incision parallel to the lateral orbital rim in the first 83 consecutive cases and then a zigzag (crow's feet) skin incision intended to achieve better cosmetic results in the last 77 consecutive cases. Figure 1 shows illustrations of the pterional keyhole approach via this incision. On the day after the operation (postoperative day 1), CT, 3D CTA, and diffusion-weighted imaging (DWI) were performed to determine the completeness of the clip-
FIG. 1.
Illustrations showing the pterional keyhole approach using a skin incision posterior to the lateral canthus. Left: Zigzag skin incision (black line). In order to avoid damage to the frontal branch of the facial nerve, the incision should not extend past the limit of the safety zone (dotted green line) and should be made within safe distances from the superolateral angle of the orbit (16 mm), the frontozygomatic suture (18 mm), and the anterior origin of the zygomatic arch (15 mm).
21 Right: Incision of the temporal fascia along the superior temporal line and subperiosteal dissection of the temporal muscle restricted at the pterion. The temporal muscle is retracted posteriorly. Pterional keyhole craniotomy is performed according to preoperative simulation.
ping and to identify any ischemic and hemorrhagic complications. If no clinical or radiological abnormalities were identified, the patient was discharged.
Clinical and Radiological Examinations and Follow-Up Protocol
Patients' status was evaluated with the National Institutes of Health Stroke Scale (NIHSS), modified Rankin Scale (mRS), BI, Mini-Mental State Examination (MMSE), 10 and Revised Hasegawa Dementia Scale (HDS-R) 14 a few days before the operation and at 3 months, 1 year, and then every few years after the operation. An mRS score of 2 or more or an MMSE score of less than 24 is defined as morbidity according to the International Study of Unruptured Intracranial Aneurysms (ISUIA). 31 The levels of depression were assessed using the Beck Depression Inventory (BDI) 2 and Hamilton Depression Scale (HAM-D) 12 a few days before and 3 months after the operation. The patients were asked about the cosmetic results, including the surgical scar, 1 year after the operation, and their replies were classified as satisfied, moderately satisfied, moderately dissatisfied, and dissatisfied. Follow-up imaging evaluation was based on 3D CT (or MR) angiography performed 1 year after the operation and every few years thereafter.
Statistical Analysis
Data are expressed as mean ± standard deviation. NIHSS, mRS, BI, MMSE, HDS-R, BDI, and HAM-D scores for each follow-up period were compared with the preoperative scores by the Mann-Whitney test using IBM SPSS Statistics version 20 (IBM Corp.). A p value < 0.05 was considered statistically significant. Table 1 shows the surgical data from 160 cases of unruptured MCA aneurysms. The mean maximum diameter of the keyhole mini-craniotomy was 24.6 ± 2.3 mm. 3D CTA showed complete neck clipping in 157 (98.1%) of 160 MCA aneurysms. One aneurysm showed a dome remnant (4 mm), which was successfully clipped by standard frontotemporal craniotomy 2 months after the keyhole surgery. One aneurysm showed a neck remnant (1 mm). Wrapping was performed for 1 blister-like aneurysm. The mean operation time was 171 ± 39 minutes.
Results

Surgical Results
Perioperative complications occurred in 10 cases (6.3%)-mild conduction aphasia caused by lacunar infarction in 1, transient hemiparesis caused by lacunar infarction in 1, transient confusion caused by venous infarction or subdural effusion in 2, epilepsy in 1, and frontalis muscle weakness in 5. Postoperative DWI showed abnormality in 9 cases (5.6%), lacunar infarction of the lateral lenticulostriate artery territory in 8 patients (2 symptomatic and 6 nonsymptomatic), and symptomatic venous infarction in 1. CT/MRI showed subdural effusion in 1 patient but no hemorrhagic complications, such as acute epidural/subdural hematoma and brain contusion.
The mean duration of postoperative hospitalization was 2.3 ± 3.4 days. In 50 cases (31.3%), the patients were discharged on the next day (overnight hospital stay), and in 149 (93.2%), the patients were discharged within 3 days of the operation. In 23 (40.4%) of the 57 cases involving patients younger than 60 years, the patients required only a single overnight hospital stay after the surgery (Table 2) . No patient was readmitted within 30 days of discharge. Late complications occurred in 8 cases (5.0%), chronic subdural hematoma in 6, cotton-sheet granuloma in 1, and paranasal infection in 1. All 8 patients received surgical treatment without sequela.
Long-Term Clinical Follow-Up
The mean clinical follow-up period was 5.4 ± 2.7 years (range 1-11 years). Six patients died during follow-up; death was due to cardiac disease in 4 cases, suicide in 1, and cancer in 1. Eleven patients were lost to follow-up. No death related to the operation occurred. One patient with bilateral MCA aneurysms had subarachnoid hemorrhage due to rupture of the contralateral small MCA aneurysm (2 mm) 6 years after the operation, and the ruptured aneurysm was successfully clipped by standard craniotomy without sequela. One patient showed persistent mild conduction aphasia. Five patients showed frontalis muscle weakness at 3 months; in 3 of these patients, the weakness had resolved by the 1-year follow-up, and in 1 patient it had resolved by the last examination, so only 1 patient had persistent frontalis muscle weakness. Three patients had persistent neurological deficit (mRS score 1) at 1 year, and 2 patients had an mRS score of 1 (conduction aphasia in 1 and frontalis muscle weakness in 1) at the last examination (Table 3) . One patient (age 77 years) showed decreased walking ability without motor paresis (BI score of 80 points) and one had a BI score of 95 points because of rheumatoid arthritis at the last examination, but the BI score was 100 in all other patients.
Both MMSE and HDS-R cognitive scores were not significantly changed at 3 months or 1 year after the operation or at the last examination compared with the preoperative values (Table 3) . One patient had an MMSE score of less than 24 at the last examination and was diagnosed with senile dementia (age 83 years). Therefore, no permanent cognitive impairment was caused by keyhole clipping. Levels of depression estimated by both BDI and HAM-D were significantly improved at 3 months after the operation.
Assessment of the cosmetic results at 1 year after the operation showed that patients were satisfied in 85.6% of cases, moderately satisfied in 10.6%, and moderately dissatisfied in 3.8%. No patient was dissatisfied with the cosmetic results, and no patient required cosmetic surgery.
Two (1.3%) of 149 patients showed persistent neurological deficit with an mRS score of 1 at the last examination, but the overall operative mortality rate was 0 and the morbidity rate as defined by ISUIA (mRS ≥ 2 or MMSE < 24) was also 0.
Long-Term Radiological Follow-Up
The mean radiological follow-up period was 5.0 ± 2.7 years (1-11 years) ( Table 4) . No aneurysm recurrence was noted in the 157 completely clipped aneurysms. One aneurysm with neck remnant was followed up for 8 years without remnant growth. Eleven untreated contralateral MCA aneurysms and 5 other aneurysms did not show any change at the last examination. No de novo aneurysm was found at 1 year, but 8 de novo aneurysms were found at the last examination. All these de novo aneurysms were small (1-3 mm) and were followed up without intervention.
Discussion
Less invasive surgical techniques are becoming more commonplace, including our pterional keyhole clipping technique, using a small cranial window and dural incision to minimize soft-tissue disruption and brain manipulation and retraction. Supraorbital and pterional mini-craniotomies are typical keyhole approaches used to treat aneurysms of the anterior circulation. The supraorbital keyhole approach can be applied to clip a subgroup of MCA aneurysms, but the pterional keyhole approach provides direct sylvian dissection with a higher operative angle and shorter distance to target aneurysms located in the lateral sylvian fissure than the supraorbital keyhole approach. 16, 18 Several pterional (or sphenoid ridge) keyhole techniques with a curvilinear skin incision either behind, along, or in front of the hairline have been reported. 5, 9, 24, 25, 33 The temporal muscle belly is incised at the posterior end or midpoint of the exposed muscle and dissected and retracted anteriorly or inferiorly. The dissected and anteriorly retracted temporal muscle bulk tends to obscure the anterior part of the pterion and so may limit the working field around the anterior part of the sylvian fissure. The present technique uses a skin incision approximately 30 mm posterior to the lateral canthus to adequately expose the anterior part of the superior temporal line and the lateral orbital limb. 21 This technique allows detachment of the temporal fascia from the superior temporal line and does not require temporal muscle belly incision; the partially dissected muscle can be retracted posteriorly to give adequate bone exposure between the frontozygomatic process to the pterion, and the exposed lateral sphenoid ridge provides a good landmark to accurately perform the planned pterional keyhole mini-craniotomy, which is unique among the reported pterional keyhole techniques. The present study found that the average hospitalization after keyhole clipping was 2.3 days, with patients discharged the next day in 31.3% of cases and within 3 days in 93.2%. In 40.4% of the cases involving patients less than 60 years, the patients required only an overnight hospital stay. A retrospective cohort study of 2535 patients with unruptured cerebral aneurysms based on information in a publicly available database in 18 American states found that patients treated with endovascular coiling had an average length of hospital stay of 4.5 days compared with 7.4 days in the surgical clipping cohort. 13 Advanced coiling techniques have further shortened the average length of stay to 2.2 days. 8 We suggest that keyhole clipping for unruptured MCA aneurysm is not inferior to endovascular treatment with respect to the aim of reducing the average length of hospital stay. Although 2 operations (1.3%) resulted in persistent mild neurological deficits (mRS 1), the overall mortality rate was 0 and the morbidity rate according to the ISUIA definition was 0. Recently, rates of procedure-related mortality and morbidity were reported as 0.6%-5% for surgical clipping by the standard pterional approach for unruptured MCA aneurysm. 7, 15, 19, 23, 29 For unruptured MCA aneurysms less than 12 mm in diameter, the surgical morbidity of the standard pterional approach was 0%-0.6%. 19, 23 These findings show that the neurological outcomes of our pteri- onal keyhole technique for unruptured MCA aneurysms are not inferior to those of the standard pterional approach. The quality of life of patients with unruptured aneurysms is reduced by anxiety and depression caused by the fear of aneurysm rupture and treatment complications. Such anxiety and depression scores have been found to improve by 1-3 years after either clipping or coiling. 4, 27, 32 In the present study, the patients' level of depression was already significantly improved at 3 months after the operation. Although we had no control group or statistical analysis, we assume that this quick improvement of depressive mood was associated with the quick recovery from the less invasive keyhole operation.
We achieved complete aneurysm obliteration in 98.1% of cases by the pterional keyhole approach without recurrence (mean follow-up period 5.0 years) and only 1 patient (representing 0.6% of the aneurysm procedures) required retreatment of the aneurysm. High obliteration rate, longterm durability of treatment, and low retreatment rate, which are generally better with clipping surgery than endovascular coiling, were also demonstrated for pterional keyhole clipping. 30 The operation scar on the face is the main disadvantage of the pterional keyhole approach with the incision that we use. We did not rigorously assess the cosmetic outcomes, but in 85.6% of the cases the patients were satisfied with their cosmetic results. Representative wound conditions at the end of the operation and 6 months after the operation are shown in Fig. 3 . We performed arcuate skin incision following the "relaxed skin tension lines" in the area lateral and posterior to the lateral canthus in the first 83 cases, which mimicked the skin incision for lateral orbitotomy to treat intraorbital tumors. 17 We introduced the zigzag skin incision to improve the cosmetic outcome because the "favorable skin tension lines" follow the "crow's feet," which emerge from the lateral canthus in radial fashion. 3, 11 Although the satisfaction rate was lower in the zigzag skin incision group than in the arcuate skin incision group, there was no statistically significant difference (data not shown), suggesting that there is still room for cosmetic improvement.
Limitations
A prospective, randomized study is required to definitively compare the effectiveness, invasiveness, durability, and cosmetic results of the pterional keyhole approach with those of the standard pterional approach for the treatment of unruptured MCA aneurysms. Only one prospective randomized study has compared clinical (mRS scores) and esthetic results of mini-pterional and classic pterional craniotomies in a small cohort that included patients with ruptured aneurysms, and the authors concluded that minipterional craniotomy provided clinical results similar to those of conventional pterional craniotomy with better cosmetic results. 32 Our policy is not to extend the surgical indication of the target MCA aneurysm, but rather to limit the indication to only small (≤ 10 mm) aneurysms for safety. Therefore, a randomized study would be hard to conduct.
The endovascular technique continues to evolve, and newer devices such as the flow diverter and bifurcation stent will certainly improve the results of treatment of unruptured aneurysms, but clipping remains the preferred treatment for MCA aneurysms. The results of endovascular therapy for 81 small (≤ 10 mm) unruptured MCA aneurysms showed a trend toward higher risk of technical failure (11.1%), with ischemic complications in 3.7% of cases, hemorrhagic complication in 1.2%, and rupture during the procedure in 1.2%. 26 However, comparison of pterional keyhole clipping with endovascular coiling is beyond the scope of this study because small aneurysms have different surgical indications for these treatment modalities.
Conclusions
In the present study, the operation-related mortality rate was 0%, the permanent minor morbidity (mRS score 1) rate was 1.3%, and the moderate morbidity (mRS score ≥ 2 or MMSE score < 24) rate was 0%. Our present keyhole technique is intended to minimize patients' hospital stay; in 31.3% of our cases, the patients required only an overnight stay, and in 93.2%, they were discharged within 3 days of hospitalization. We also achieved a high rate of aneurysm obliteration (98.1%) with extended durability. We conclude that clipping via a pterional keyhole approach is less inva- sive, minimizes hospital stay, and achieves durable treatment for relatively small MCA unruptured aneurysms.
